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Abstract

Rationale: “Noninfectious” pulmonary complications are
significant causes of morbidity and mortality after allogeneic
hematopoietic cell transplant. Early-onset viral reactivations or
infections are common after transplant. Whether the first-onset
viral infection causes noninfectious pulmonary complications is
unknown.

Objectives: To determine whether the first-onset viral infection
within 100 days after transplant predisposes to development of
noninfectious pulmonary complications.

Methods: We performed a retrospective review of 738 allogeneic
hematopoietic cell transplant patients enrolled from 2005 to 2011.
We also established a novel bone marrow transplantation mouse
model to test whether herpesviral reactivation after transplant causes
organ injury.

Measurements and Main Results: First-onset viral infections with
human herpesvirus 6 or Epstein-Barr virus within 100 days after
transplant increase the risk of developing idiopathic pneumonia

syndrome (adjusted hazard ratio [aHR], 5.52; 95% confidence
interval [CI], 1.61-18.96; P = 0.007; and aHR, 9.21; 95% ClI,
2.63-32.18; P=0.001, respectively). First infection with human
cytomegalovirus increases risk of bronchiolitis obliterans syndrome
(aHR, 2.88;95% CI, 1.50-5.55; P = 0.002) and grade II-IV acute graft-
versus-host disease (aHR, 1.59; 95% CI, 1.06-2.39; P = 0.02). Murine
roseolovirus, a homolog of human herpesvirus 6, can also be
reactivated in the lung and other organs after bone marrow
transplantation. Reactivation of murine roseolovirus induced an
idiopathic pneumonia syndrome-like phenotype and aggravated
acute graft-versus-host disease.

Conclusions: First-onset herpesviral infection within 100 days after
allogeneic hematopoietic cell transplant increases risk of pulmonary
complications. Experimentally reactivating murine roseolovirus
causes organ injury similar to phenotypes seen in human transplant
recipients.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Pulmonary complications
are a leading cause of morbidity and
nonrelapse mortality after allogeneic
hematopoietic cell transplantation
(HCT). Early-onset viral infections are
common after HCT. Recent studies
reported occult viral infections in HCT
recipients with noninfectious
pulmonary complications. Whether
first-onset viral infections predispose
allogeneic HCT recipients to
noninfectious pulmonary
complications remains undetermined.

What This Study Adds to the
Field: This is the first study to reveal
that first-onset herpesviral infection
after allogeneic HCT is associated
with noninfectious pulmonary
complications. This study also
establishes the first murine model to
causally link herpesvirus reactivation
with the development of lung
pathology similar to idiopathic
pneumonia syndrome.

Pulmonary complications are a leading
cause of morbidity and nonrelapse
mortality (NRM) after allogeneic
hematopoietic cell transplantation
(allo-HCT). Pulmonary complications
can be infectious or noninfectious in
etiology, and are common, occurring in
30-60% of allo-HCT recipients (1, 2).
Noninfectious pulmonary complications,
including idiopathic pneumonia
syndrome (IPS) and bronchiolitis
obliterans syndrome (BOS), are
associated with significant morbidity
and mortality after HCT (3-5).

During periods of immune
suppression, such as after HCT, latent
human herpesviruses (HHVSs) can reactivate
to the lytic cycle (6). HHVs typically infect
individuals in the first two decades of life
and establish life-long latency to escape
immune surveillance and detection (6). In
addition, primary HHV infections can
occur in seronegative patients receiving
grafts from seropositive donors (7). Recent
human studies have highlighted a role for
HHVs in the pathogenesis of pulmonary
complications after HCT (6, 8, 9).

Viral infections after HCT cause
morbidity and mortality by altering host
immune responses in the lungs and other
host target organs (10-12). Using a
syngeneic murine transplant model, we
previously reported that infections
with murine gammaherpesvirus 68
(MHV-68), a mouse homolog of human
Epstein-Barr virus (EBV) and Kaposi
sarcoma-associated herpesvirus, given
after HCT engraftment caused severe
pneumonitis and lung fibrosis 3 weeks
after infection, a time period when lytic
viral infection was cleared (10, 13). In
those experiments, we identified aberrant
lung pathology (pneumonitis and fibrosis)
driven by an abnormal CD4" T-helper
cell response skewed toward pathogenic
type 17 polarization in infected mice
(10). Clinical data and several mouse
models suggest the expansion of type
17 CD4" T cells contributes to IPS
(14-16).

We hypothesized that first-onset viral
infection (FOVI; i.e., the first viral
infection or reactivation within 100 d after
HCT) will predispose patients to the
development of noninfectious pulmonary
complications. We focused on FOVI
because accumulating evidence indicates
that the first episode of viral infection
or reactivation may be the critical
determinant in setting the immunologic
tone, such as through specific cytokine
production, T-cell polarization, or
suppression (10, 17-19). First viral
infection and subsequent therapy are also
likely to impact secondary infections
(20, 21). We conducted a retrospective
review of FOVIs and the subsequent
development of IPS and BOS in a large
cohort of allo-HCT recipients. In
addition, we also examined the
association with graft-versus-host disease
(GVHD). Here we report a significant
association between FOVIs and the
development of pulmonary complications
and NRM in HCT recipients. To
demonstrate biologic plausibility for these
causal associations between reactivated
viral infection, lung injury, and GVHD,
we developed a new animal model of
neonatal infection with a murine
herpesvirus that demonstrates
reactivation from latency following
allogeneic bone marrow transplant
(BMT). Notably, mice that received BMT
after neonatal viral infection showed
evidence of lung injury and acute GVHD

(aGVHD) in other organs. Results of
some of these studies have been
previously reported in the form of an
abstract (22).

Methods

Ethics Statement

All human studies were approved by the
institutional review board at the University
of Michigan (HUMO00117533), with all
patients or their surrogates signing
informed consent permitting data
collection. All murine experiments were
approved by the Institutional Animal Care
and Use Committee at the University of
Michigan (protocol 6821).

Human Study Population and Study
Design

Allogeneic HCT recipients transplanted at the
University of Michigan Medical Center
between 2005 and 2011 were included in this
retrospective analysis. Quantitative PCR
(qPCR) for cytomegalovirus (CMV) was
performed weekly on plasma through 100
days after HCT. Viral positivity of HHV-6
(both HHV-6A and HHV-6B), EBV, herpes
simplex virus (HSV), or community-acquired
respiratory viruses (CARV) was analyzed as
clinically indicated. IPS, BOS, and GVHD
were diagnosed according to NIH consensus
guidelines (3, 4). Additional detail on the
methods for detecting viral positivity is
provided in the online supplement.

Murine Roseolovirus and Infection
Murine roseolovirus (MRV) was previously
termed murine thymic lymphotropic virus, or
murine thymic virus and has been sequenced
by Dr. W.M.Y.’s laboratory recently (23).
Litters of newborn BALB/c mice within

24 hours after birth were infected with MRV
as previously described (23). See the online
supplement for further details.

Mouse Minor Histocompatibility
Antigen-mismatched BMT

B10.D2 (H2%) and BALB/c (H2%) mice were
purchased from Jackson Laboratory.
BALB/c mice were infected with MRV
within 24 hours after birth and allowed to
age for 8-10 weeks for the virus to complete
Iytic infection and establish latency. BMT
was performed as previously reported (24).
Mice were then assessed at various time
points for evidence of MRV reactivation,
clinical signs of GVHD, and tissue
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pathology. See the online supplement for
further details.

Tumor Necrosis Factor-a and Total
Protein Measurement

Mice were killed and BAL was performed
with 1 ml of phosphate-buffered saline
containing 5 mM ethylenediaminetetraacetic
acid. The levels of tumor necrosis factor-o
and total protein in BAL fluid were
measured by ELISA and BCA assay,
respectively. See the online supplement for
further details.

Quantitative PCR for MRV Genes
Total RNA was extracted from mouse
tissues using Ambion TRIzol reagent
(ThermoFisher) and genomic DNA

was prepared from 100 pl mouse BAL
fluid using a DNA blood kit (Qiagen).
Information about PCR analyses for viral
Iytic genes and genomic abundance is
provided in the online supplement.

Murine Histology

Whole lungs were inflated and fixed with
10% formalin followed by sectioning for
hematoxylin and eosin staining as
previously described (10). Images were
taken on an Olympus BX-51 microscope by
a DP-70 camera.

Statistical Analysis
We used a Cox proportional hazards
regression model with a time-dependent
covariate for FOVIs to estimate overall
mortalities. We used stabilized inverse
probability censored weighting
methodology adjustments to Cox
proportional hazards regression to analyze
other time-to-event outcomes (25, 26). In
multivariate modeling of time-to-events,
forward selection was initially used to
identify independently predictive
demographic and clinical risk factors at the
0.05 significance level with exceptions in
some of the analyses. Additional detail on
statistical analysis of human data is
provided in the online supplement.
All analyses were done using R version
3.3.2 (R Foundation for Statistical
Computing) (27).

For preclinical mouse studies, Student’s
t tests were used to determine significance
between two groups. When three groups or
more were compared, one-way ANOVA
was used with a Tukey multiple
comparisons test to determine significance.

Results

Patient Clinical Characteristics and
Demographics

Seven hundred thirty-eight patients
undergoing allo-HCT at the University of
Michigan Medical Center were analyzed.
Clinical characteristics and demographics
are reported in Table 1. The median follow-
up was 121 weeks (95% confidence interval
[CI], 93-157 wk), with a median patient age
of 51 years (range, 7 mo to 73 yr).

Detection of Viral Infections

Viral infections were defined as isolation of
viral proteins or nucleic acid from any body
fluid or tissue specimen using viral cultures,
qPCR, immunohistochemical analysis, or in
situ hybridization. FOVI was defined by the
presence of the first viral pathogen within
100 days after HCT.

FOVIs were detected in 242 (32.8%)
patients (Table 2), with CMV (126 patients)
and HHV-6 (56 patients) (Table 2) being
the most frequently observed viral

pathogens. HHV-6 was detected earlier
after HCT than CMV (Figure 1). The
median time to first onset of HHV-6, CMV,
or EBV among the patients with infection
was 21 days (interquartile range [IQR],
14-29), 39 days (IQR, 28-54), or 55 days
(IQR, 41-162). The risk factors for FOVIs
with CMV, HHV-6, EBV, and CARYV after
HCT are reported in the online supplement
(see Tables E1 and E2 in the online
supplement).

Overall Survival, Relapse, Nonrelapse
Mortality, and GVHD after FOVIs
Overall survival was significantly lower in
patients with FOVIs versus those without
after adjustment for age, sex, time-
dependent aGVHD, underlying diagnosis,
HLA disparity, source of hematopoietic
cells, donor relationship, and conditioning
regimen (adjusted hazard ratio [aHR], 1.45;
95% CI, 1.16-1.82; P=0.001) (Figure 2A).
The cumulative incidence of relapse
mortality in the FOVI group was not
significantly higher than those patients

Table 1. Patient Clinical Characteristics and Demographics

Characteristics

Age at HCT, median (range), yr
Follow-up time, median (95% CI), wk*
Sex, n (%)
M
F
Indication, n (%)
Malignant
Nonmalignant
HLA disparity, n (%)
Matched
Mismatched
Donor relationship, n (%)
Related
Unrelated
Number of HCT, n (%)
First
Second/third
Conditioning by irradiation, n (%)
TBIl-based
Chemotherapy-based
Conditioning by intensity, n (%)
Myeloablative
Nonmyeloablative
Graft source, n (%)
PB
BM
CB

Total Allogeneic HCT Patients (n = 738)

51 (0-73)
121 (93-157)

438 (59)
300 (41)

623 (84)
115 (16)

583 (79)
155 (21)

355 (48)
383 (52)

652 (88)
86 (12)

185 (25)
553 (75)

518 (70)
220 (30)

600 (81)
87 (12)
51 (7)

Definition of abbreviations: BM =bone marrow; CB = umbilical cord blood; Cl = confidence interval;
HCT = hematopoietic cell transplantation; PB = peripheral blood; TBI = total body irradiation.
Values are indicated as the number (percentage), except age at HCT and follow-up time as

specified.

*Median follow-up time and the corresponding 95% Cl was estimated by a Kaplan-Meier method.
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Table 2. First Viral Infection Detection during 100 Days after HCT (n = 738)

Viral Positivity Patients [n (% of Total)] Sample Sources (n)
Any viral 242 (32.8)
Cmv 126 (17.1) Plasma (126)
HHV-6 56 (7.6) Plasma (55)
BAL fluid (1)
CARV 27 (3.7) Nasopharynx (12)
Feces (8)
Plasma (6)
BAL fluid (1)
EBV 26 (3.5) Plasma (15)
Whole blood (9)
Serum (1)
CSF (1)
HSV 7 (0.9 Oral mucosa (4)
Serum (3)

Definition of abbreviations: CARV = community-acquired respiratory viruses; CMV = cytomegalovirus;

CSF = cerebrospinal fluid; EBV = Epstein-Barr virus;

HCT = hematopoietic cell transplantation;

HHV-6 = human herpesvirus 6; HSV = herpes simplex virus.

without FOVI (aHR, 1.19; 95% CI,
0.86-1.65; P=0.29) (Figure 2B). In
contrast, a significant increase in NRM was
seen for those with FOVIs (aHR, 1.74; 95%
CI, 1.27-2.38; P < 0.001) (Figure 2C).
Among the types of FOVIs, first infection
with HHV-6 was significantly associated
with increased NRM, and the association
between first infection with EBV or CMV
and NRM showed borderline significance

(Figure E1). Thus, the association between
FOVIs and mortality seems primarily
driven by NRM rather than relapse of
underlying malignancy.

Patients with FOVIs had a significantly
higher cumulative incidence of subsequent
grade II-IV aGVHD, but not chronic GVHD,
than the group without prior FOVIs after
adjustment for confounders (Figure E2 and
Tables E3 and E4). Specifically, FOVI with
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Figure 1. The cumulative incidence of first-onset viral infection or death after allogeneic hematopoietic
cell transplantation at the University of Michigan Medical Center. The study cohort consisted of 738
hematopoietic cell transplantation recipients. Cytomegalovirus DNA testing was performed routinely.
Epstein-Barr virus, community-acquired respiratory viruses, human herpesvirus 6, and herpes simplex
virus were undertaken when clinically indicated. CARV = community-acquired respiratory viruses;
CMV = cytomegalovirus; EBV = Epstein-Barr virus; FOVI = first-onset viral infection; HCT =
hematopoietic cell transplantation; HHV-6 = human herpesvirus 6; HSV = herpes simplex virus.
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CMV is significantly associated with the
development of subsequent grade II-IV
aGVHD after adjustment for confounders
(Table E5). When we further adjust the year
of HCT in our multivariable model, FOVI
with HHV-6 was significantly associated with
subsequent grade II-IV aGVHD (Table E6).

FOVIs Are Associated with
Development of IPS in HCT
Recipients
We next examined the relationship between
FOVIs and the development of
noninfectious pulmonary complications
after HCT in our study cohort, in which 41
patients (5.5%) developed IPS. The clinical
characteristics of patients with IPS are
summarized in Table E7. For patients who
had FOVIs and subsequently developed IPS,
the median time from FOVI to onset of IPS
was 15 days (IQR, 5-107 d) (Figure E3A).
In a univariate analysis, FOVIs with
HHVe6, EBV, HSV, HLA mismatched
transplant status, younger age at transplant,
and cord blood transplant were associated
with the development of IPS (Table E8).
After adjustment for age, HLA disparity,
and source of hematopoietic cells, patients
with an FOVT had a significantly higher
cumulative incidence of subsequent IPS
compared with patients without a FOVI
(aHR, 3.97; 95% CI, 1.91-8.25; P < 0.001)
(Figure 3A; Table E9). To determine the
association between specific FOVI types
and the development of IPS, we used
multivariable Cox regression analyses to
adjust for confounding effects. Only
HHV-6 (aHR, 5.52; 95% CI, 1.61-18.96;
P=0.007), EBV (aHR, 9.21; 95% CI,
2.63-32.18; P=0.001), and HSV (aHR,
11.0; 95% CI, 2.56-47.19; P=0.001)
remained as independent risk factors for
the development of IPS (Table 3). The
significance of these associations is not
changed after adjustment for the year of
HCT performed or the development of acute
or chronic GVHD (Tables E10 and E11).

FOVIs Are Associated with
Development of BOS in HCT
Recipients

Among our allo-HCT cohort, 49 patients
(6.6%) developed BOS over follow-up. The
clinical characteristics of patients with BOS
are summarized in Table E7. The duration
from viral infection to BOS was evenly
distributed over the first 2 years of follow-up
(Figure E3B). For patients who had FOVIs
followed by BOS, the median time from
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infections within 100 days after HCT were modeled as time-dependent covariates. An individual is counted as infection free during at-risk periods before
their first infection and only changes status to infected for their first infection type. The curves are adjusted for age, sex, time-dependent acute graft-
versus-host disease, underlying diagnosis, HLA disparity, source of hematopoietic cells, donor relationship, and conditioning regimen. (A) Estimation of
overall survival stratified by FOVIs. The number of patients at risk of death at the beginning of HCT, 1, 2, or 3 years after HCT for FOVI group were 0, 122,
99, and 88, respectively, and for non-FOVI group were 738, 324, and 276, respectively. (B) Inverse weighted cumulative incidence of relapse mortality
stratified by FOVIs. (C) Inverse weighted cumulative incidence of nonrelapse mortality stratified by FOVIs. NRM = nonrelapse mortality; RM = relapse

mortality.

FOVI to onset of BOS was 412 days (IQR,
149-699 d). Patients with a FOVI had
significantly higher cumulative incidence of
BOS than patients without a FOVI (aHR,
2.13; 95% CI, 1.19-3.85; P=0.012)

(Figure 3B and Table E9) after adjustment
for age, HLA disparity, and source of
hematopoietic cells. Both univariate and
multivariable analyses identified CMV as
the only significant risk factor for the
development of BOS after HCT (aHR, 2.88;
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95% CI, 1.50-5.55; P = 0.002) (Tables 3 and
E3). The significance of the association is
not changed after adjustment for the year
of HCT performed or the development of
acute or chronic GVHD (Tables E10

and E11).

Mouse Model of Post-BMT MRV
Reactivation
We next sought to establish an allogeneic
BMT mouse model using a murine

Years from HCT

herpesvirus to test whether reactivation of
herpesvirus can cause subsequent organ
complications after HCT. A recent study has
reported that MRV is a mouse homolog of
HHV-6/HHV-7 based on their similarities
in viral genomic sequence and viral tropism
(23). MRV infection in BALB/c mice within
24 hours after birth via intraperitoneal
injection causes thymic necrosis and
depletion of CD4" and CD4"CD8"

T lymphocytes at 10 days after infection
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(Figure E4), but the infected thymi are
recovered at 6 weeks after infection (28).

To closely mimic HHV-6 infections in
humans and minor histocompatibility
antigen (miHA)-mismatched allo-HCT
clinical scenarios, we infected BALB/c (H29)
newborn mice with MRV and allowed them
to recover and establish latent infection

before performing a miHA-mismatched
BMT at 8-10 weeks of age. We conditioned
the mice with total body irradiation before
transplanting bone marrow cells and
splenocytes isolated from miHA-
mismatched B10.D2 (H2%) mice

(Figure 4A). We found that some
preinfected BMT mice expressed the lytic

Table 3. Multivariable Inverse Weighted Analysis of Risk Factors for Time from HCT to

IPS and BOS, Respectively

IPS C-Index =0.742 BOS C-Index = 0.661
Multivariable Analysis aHR 95% CI P Value aHR 95% CI P Value
First CMV vs. none* 1.68 0.53-5.34 0.38 2.88 1.50-5.55 0.002
First HHV-6 vs. none* 552 1.61-18.96 0.007 2.20 0.81-5.98 0.12
First EBV vs. none* 9.21 2.63-32.18 0.001 1.60 0.35-7.39 0.55
First HSV vs. none* 11.00 2.56-47.19 0.001 4.98 0.78-31.82  0.09
First CARV vs. none* 3.17 0.73-13.66 0.12 —t —t —
Age, 10 yr 0.90 0.77-1.06 0.20 1.01 0.86-1.18 0.91
HLA mismatched 1.41 0.60-3.33 0.44 1.69 0.85-3.33 0.13
CBT 0.92 0.23-3.75 0.91 0.51 0.12-2.10 0.35

Definition of abbreviations: aHR = adjusted hazard ratio; BOS = bronchiolitis obliterans syndrome;
CARV = community-acquired respiratory viruses; CBT = umbilical cord blood transplant; Cl =
confidence interval; C-index = concordance index; CMV = cyclomegalovirus; EBV = Epstein-Barr
virus; HCT = hematopoietic cell transplantation; HHV-6 = human herpesvirus 6; HSV = herpes simplex

virus; IPS =idiopathic pneumonia syndrome.

First-onset viral infection status is a time-dependent categorical predictor. The additional three
variables were forward selected in an inverse probability weighted Cox regression model for at least

one of pulmonary complications.

*Infections modeled with time-dependent covariates through the first 100 days.
TNo CARYV infection up to the first 100 days after HCT in patients who developed BOS.
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viral DNA polymerase gene, pol, in the
lungs within 1-2 weeks after miHA-
mismatched transplant, and by 6 weeks,
all tested BMT mice had lytic infections in
the lungs (Figure 4B). By 8 weeks after
BMT, the expression levels of pol were
significantly reduced in those preinfected
mice, presumably because of the virus
reentering the latent phase (Figure 4B). The
expression levels and frequencies of pol
seem to be different among various organs,
with higher levels and frequencies noted
in the lung and skin, but lower levels in
small intestine at 8 weeks after miHA-
mismatched BMT (Figure 4C). Preinfected
bone marrow recipients lost more body
weight at 2 weeks after miHA-mismatched
BMT and again 4-6 weeks after BMT
(Figure 4D, red line). No mice died during
the course of study.

MRV after miHA-mismatched BMT
Reactivation Causes IPS-like
Pathology

We assessed whether reactivation of MRV
after miHA-mismatched BMT could cause
IPS-like pathology. Late-onset IPS usually
develops 3-6 weeks after HCT in humans
(3). Interestingly, we noted a second wave
of losing weight in preinfected miHA-
mismatched BMT mice 4-6 weeks after
transplant (Figure 4D); thus, we inspected
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Figure 4. Murine roseolovirus (MRV) can be reactivated by minor histocompatibility antigen (miHA)-mismatched bone marrow transplant (BMT). (A)
Schematic of experimental timeline. Newborn BALB/c (H2d) mice were infected with MRV via intraperitoneal injection within 24 hours after birth. Mice were
allowed to grow for 8-10 weeks to establish latent infection before receiving miHA-mismatched BMT by transplanting 5 x 10° BM cells and 5 x 10°
splenocytes isolated from B10.D2 (H2%) mice. Lung tissues were collected at 8-10 weeks of age (non-BMT control animals) or 1-8 weeks after BMT. (B)
Expression levels of viral lytic gene pol in lung tissue after miHA-mismatched BMT. Each symbol represents a unique mouse. Dot plots are presented with
mean = SEM. *P < 0.05. (C) Expression levels of pol in various organs at 8 weeks after BMT (n =5). The expression levels of pol are normalized to the
expression of host GAPDH. Each symbol represents a unique mouse. Dot plots are presented with mean = SEM. *P < 0.05. (D) Percentage of weight
change in mice after miHA-mismatched BMT. Data are representative of three replicate experiments with five mice per group. Error bars indicate SEM.

lung histology at 6 weeks after BMT.
Infection with MRV in neonates did not
cause lung inflammation in adult mice, and
miHA-mismatched BMT alone caused only
mild airway edema (Figures 5A and 5B).
However, lungs from preinfected miHA-
mismatched BMT mice exhibited increased
infiltration of inflammatory cells around
both pulmonary vessels and bronchioles
(Figure 5C). An infiltrate predominantly
composed of monocytes and lymphocytes
was seen in the artery adventitia (Figure 5D),
whereas a more complex mixture of
neutrophils, macrophages, monocytes,
eosinophils, and lymphocytes within a fibrin
matrix was found in airway submucosa
(Figure 5E). Infiltration of neutrophils and
macrophages in the interstitium and in
alveolar spaces was associated with
interstitial thickening (Figure 5F).

Although signs of diffuse alveolar
injury, such as hyaline membranes, were not

observed in the lungs of preinfected miHA-
mismatched BMT mice, we found
significantly increased levels of total protein
(Figure 5G) and tumor necrosis factor-a
(Figure 5H) in their BAL fluid, which
indicates lung damage in these mice and is
consistent with IPS pathology. Interestingly,
most of the preinfected miHA-mismatched
BMT mice had undetectable levels of viral
genomic DNA in their BAL fluid by 8 weeks
after BMT (Figure 5I), consistent with an
occult infection defined as the “absence” of a
pathogen in BAL fluid of patients with IPS
(3, 8). Thus, reactivation of MRV is able to
induce a moderate IPS-like phenotype in
miHA-mismatched BMT mice.

MRV after miHA-mismatched BMT
Reactivation Exacerbates aGVHD

The B10.D2 — BALB/c miHA-mismatched
BMT has been previously reported to cause
sclerodermatous chronic GVHD in the

Zhou, O’Dwyer, Xia, et al.: First-Onset Viral Infection after HCT

recipients (24). We asked whether MRV
reactivation after BMT can worsen signs of
aGVHD as indicated in this and previous
studies (29). Preinfected bone marrow
recipients lost more body weight and
developed higher aGVHD scores at 2 weeks
after miHA-mismatched BMT and again at
4-6 weeks after BMT (Figures 4D and 6A,
red lines). The small intestine histology of
preinfected miHA-mismatched BMT
recipients showed features of more severe
aGVHD at 6 weeks after BMT than those of
uninfected recipients, as evidenced by
increased apoptotic cells in the crypt
epithelium and infiltration of immune cells
compared with BMT alone control animals
(Figures 6B and 6C). Preinfected miHA-
mismatched BMT mice also showed
increased immune cell infiltration in the bile
ducts, portal triads, and dermal layer (Figures
6D and 6E), and increased thickening of the
epidermal layer and skin scaling (Figure 6E).
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Figure 5. Murine roseolovirus (MRV) reactivation by minor histocompatibility antigen—mismatched
bone marrow transplant (BMT) causes idiopathic pneumonia syndrome-like pulmonary pathology.
BALB/c (H2% mice at 8-10 weeks old with or without preinfection with MRV as newborns underwent
minor histocompatibility antigen-mismatched BMT procedure receiving 5 X 10° BM cells and 5 x 10°
splenocytes isolated from B10.D2 (H2%) mice as described in Figure 4. (A-C) Lung histology (hematoxylin
and eosin staining) in age-matched preinfected non-BMT mice (A), uninfected mice 6 weeks after BMT
(B), and preinfected mice 6 weeks after BMT (C). (O-F) High magnification of the blue box in C showing
an infiltrate predominantly composed of monocytes and lymphocytes in artery adventitia (D); the red box
in C showing a mixed infiltrate of neutrophils, macrophages, eosinophils, and lymphocytes within a fibrin
matrix in airway submucosa (E); and the green box in C showing a mixed infiltrate of neutrophils and
macrophages in widened interstitium and in alveolar spaces (F). Scale bars, 50 wm. Images represent
those of at least five mice per group in each of two independent experiments. (G—/) BAL fluid was
collected from uninfected or preinfected mice at 8 weeks after BMT (n = 5), and assayed for the levels of
total protein (G), tumor necrosis factor-a (H), and MRV genome copies (/). Dot plots are presented with
mean + SEM. *P < 0.05. allo = allogeneic; BALF = BAL fluid; TNF = tumor necrosis factor.

Thus, latent MRV reactivation induced by
miHA-mismatched BMT can exacerbate
hallmark signs of gut, liver, and skin aGVHD.

of developing post-HCT noninfectious lung
injuries including IPS and BOS. FOVI with
HHYV-6 or EBV significantly associates with
IPS, whereas FOVI with CMV significantly
associates with BOS and aGVHD. After
adjustment for year of HCT and other
confounders, FOVI with HHV-6 was also
significantly associated with aGVHD. We
herein report for the first time a novel

Discussion

In summary, we report that first herpesviral
infection is associated with an increased risk

murine model of herpesvirus reactivation
after BMT, demonstrating the casual
association of viral reactivation and organ
injuries and providing biologic plausibility
for our human study observations.

Occult pathogens including HHV-6,
CMYV, EBV, and HSV were found in 56.5%
of BAL fluid samples from patients
previously diagnosed with IPS, suggesting a
role for herpesvirus in the development of
IPS (8). Post-HCT infection with CARV
was also previously found to be a risk factor
for IPS and BOS after allo-HCT (30, 31).
These studies suggest that injuries to the
lungs by virus may predispose HCT
recipients to the development of IPS and
BOS through dysregulated host and
alloimmune responses (31). Our study
supports a role for herpesvirus in the
pathogenesis of IPS through clinical and
preclinical observations. We did not see a
significant association between FOVI with
CARYV and IPS or BOS, which may be
attributed to our study only reporting the
incidence of CARV infection as a first viral
infection with clinical indications in an
HCT recipient. As a result, the incidence of
FOVI with CARV in this study is likely
lower than previously reported for total
early CARV infections in HCT recipients
(31, 32).

HHV-6 is the most commonly
reactivated virus that associated with the
development of IPS in this study. HHV-6
collectively includes two species, HHV-6B
and HHV-6A, and the combined
seroprevalence of HHV-6B and HHV-6A is
more than 90% in adults (33). The incidence
of HHV-6 reactivation is reported at about
30-60% in HCT recipients (34-37). We
have recorded a relatively low incidence of
HHV-6 reactivations (7.6%) in this study,
because we only reported the incidence of
HHYV-6 infection as a first viral infection
with clinical indications. Nevertheless, like
previous studies, our study has also
determined cord blood transplant as a
major risk factor for HHV-6 reactivation
(Table E2) (36, 38, 39).

It has been established that HHV-6
reactivation can cause encephalitis (40), but
causal associations between HHV-6
reactivation and other important outcomes,
such as pneumonitis (8, 41, 42) and
aGVHD (20, 29, 34, 37, 40, 43-46), are
difficult to establish because of high rates
of asymptomatic and transient HHV-6
reactivation, which may be ignored or
undetected in end organs (47). Recent
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Figure 6. Murine roseolovirus reactivation exacerbates acute graft-versus-host disease (GVHD) after minor hlstocompatlblllty antlgen—mlsmatched bone
marrow transplant (BMT). Newborn BALB/c (H2%) mice were infected with murine roseolovirus via intraperitoneal injection within 24 hours after birth. Mice
were then aged for 8-10 weeks to establish latent infection before receiving minor histocompatibility antigen-mismatched BMT by transplanting 5 X 10°
BM cells and 5 X 10° splenocytes isolated from B10.D2 (H2%) mice. (4) Acute GVHD scores after minor histocompatibility antigen-mismatched BMT. Data
representative of three replicate experiments with five mice per group. Error bars indicate SEM. Acute GVHD scores are based on weight loss, posture,
activity status, fur texture, and skin integrity. (B, D, and E) Hematoxylin and eosin staining of tissue sections of small intestine (B), liver (D), or skin (E) at
6 weeks after BMT. Arrows point to apoptotic cells, and asterisks indicate areas of immune cell infiltration. Images represent those of at least five mice per
group in each of two independent experiments. Scale bars, 50 um. (C) Percentage of apoptotic cells in crypts of small or large intestines, skin epidermis
cells, or hepatocytes. Percentage of apoptotic cells (mean = SEM) of each cell type was estimated by the number of apoptotic cells divided by the total
number of that cell type under a X400 microscope field in five independent hematoxylin and eosin—stained slides. “P < 0.05 and **P < 0.01. allo = allogeneic.

identification of MRV as a mouse homolog
of HHV-6/HHV-7 (23) makes it possible to
establish a small animal model for HHV-6
infection and reactivation with its natural
pathogen. We have demonstrated that
MRV can be reactivated by a miHA-
mismatched BMT and the viral reactivation
can cause moderate IPS-like lung injuries
and aggravate signs of aGVHD.

FOVIs with EBV after HCT are also
associated with the development of IPS. We
previously reported that infection with a
mouse homolog of EBV in engrafted
syngeneic BMT mice causes severe
pneumonitis and fibrosis, supporting a role
for EBV infection in immunopathogenesis
of IPS (10). Note that IPS-like lung injuries

can also be induced by allo-BMT without
viral infection (3). For example, complete
major histocompatibility complex-
mismatched allo-BMT mouse models best
mimic acute, early-onset IPS (48), whereas
isolated major histocompatibility complex I
or II mismatch, and some of the miHA-
mismatched allo-BMT models can
reproduce the IPS pathology developed 3-6
weeks after HCT in humans (49).

In contrast to infections with HHV-6
or EBV, FOVIs with CMV do not increase
the risk of the development of IPS after
HCT, but increase the odds of BOS, which is
usually diagnosed more than a year after
HCT. An interesting difference between the
CMV infection and HHV-6 or EBV
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infection is that whereas HHV-6 or EBV
viremia is more likely to be transient, CMV
viremia is often persistent and tissue
invasive (47). As a consequence, CMV is
often identified in end-organ diseases, such
as pneumonia and enteritis. Current CMV
preemptive therapy with antiviral drugs has
significantly reduced CMV pneumonia, but
once CMV pneumonia is developed after
allo-HCT, death from CMV pneumonia
still remains unacceptably high (50-52).
Although preemptive therapy has
dramatically reduced early CMV disease
after allo-HCT, the incidence of late CMV
infection and disease have increased (51).
Furthermore, early CMV reactivation and
prolonged antiviral therapy increase the
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odds of CMV recurrence as a late
complication after HCT (53-55). CMV
may contribute to the development of
BOS by enhancing the dysregulated chronic
inflammation during late recurrence. It is
also possible that an altered immunologic
tone, such as altered T-cell differentiation
set by first CMV infection, manifests as
BOS at a later time point. Note that in lung
transplant recipients, it is generally
accepted that in the antiviral treatment era,
treated CMV pneumonia still increases the
risk for BOS (56-58).

We also found that FOVIs with
CMYV are significantly associated with
grade II-IV aGVHD. Previous studies on
the relationship between CMV and
aGVHD reported contradictory data
(59-62). The discrepancies are possibly
caused by the sensitivities of the assays
for CMV surveillance among the studies.
It seems that the less sensitive assays in
the past, such as CMV culture or
phosphoprotein 65 antigenemia, tend to
link CMV infection with aGVHD (59, 60),
whereas the recent highly sensitive real-
time PCR assay coupled with preemptive
therapy tend to dispute the association
between CMV infection and aGVHD (61,
62). Because our study focused on CMV as
a first infection but did not include CMV
infections occurring after another infection,
it suggests that the first episode of CMV
infection may be the critical determinant in
setting the development of aGVHD.

The mechanisms underlying the
association between FOVI and pulmonary

complications are not clear. Our previous
preclinical studies of pneumonitis induced
by MHV-68 after BMT suggested T-cell
immunopathology (10, 63). MHV-68 viral
infection-triggered immunopathologic
type 17 responses that persisted even
long after the virus reenters latency, and
thus the subsequent pathology seems to be
noninfectious. We suggest that many
forms of noninfectious lung injury after
HCT may actually represent “hit and run”
insults by respiratory viruses. The MRV-
miHA mismatched BMT model is the
first animal model to allow such
mechanistic investigations because
attempts to reactivate MHV-68 after HCT
have been unsuccessful. Our novel mouse
model of MRV reactivation after allo-BMT
provides opportunities to further
investigate the mechanisms of multiorgan
injuries caused by herpesviral reactivation
after HCT.

This study included a large cohort
of allo-HCT patients, used advanced
statistical methods to adjust for multiple
confounders and competing risks, and
developed a novel animal allo-BMT model
to interrogate possible causal associations
of viral reactivation on pulmonary
complications and aGVHD. However, it
should be noted that this study has its
limitations. First, the study is conducted
in a single center with retrospective
design. Second, besides routine
monitoring for CMV status, the detection
of the other viral infections was performed
based on clinical indications. Thus, the

number of reported viral reactivations
may be underestimated because only
cases that were symptomatic or suspected
on clinical grounds were tested.
Nevertheless, our results are in agreement
with many published studies (20, 29,
36-38, 41, 43, 45, 47). Finally, although
our cohort of allo-HCT patients is
relatively large, the numbers with IPS
and BOS remain small, and thus limits
multivariate analyses related to IPS and
BOS. In addition, analyses on the
association of HSV and IPS were limited
in size and statistical power.

In conclusion, our findings support
a role for herpesviruses in the pathogenesis
and progression of pulmonary
complications and aGVHD after HCT.
Among FOVIs, HHV-6 and EBV are
associated with the development of IPS,
whereas CMV is associated with the
development of BOS and grade II-IV
aGVHD. Taken together, our results
demonstrate the crucial importance of
identifying FOVIs after HCT and the
potential of targeting FOVIs or their
sequelae in the treatment of HCT-related
organ injury.
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